FIBER OPTIC ROTARY JOINT AND ASSOCIATED ALIGNMENT METHOD 



CROSS-REFERENCE TO RELATED APPLICATIONS 
This application claims the benefit of U.S. Provisional Application No. 
60/494,445, filed August 12, 2003, the contents of which are incorporated herein in their 
entirety. 



FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT 
The research underlying this invention was supported at least in part with funds 
10 from U.S. Navy Contract No. N00024-00-C-4059. The United States Government may 
therefore have an interest in the subject matter of this invention. 

FIELD OF THE INVENTION 
The present invention relates generally to fiber optic rotary joints and associated 
15 alignment methods and, more particularly, to reversion prism assemblies, optical 

coUimation assembhes and associated fiber optic rotary joints that include an interface 
optical element that is exposed to the fluid within the fiber optic rotary joint and that is 
designed to reduce, if not eliminate, the deleterious effects otherwise caused by changes 
in the index of refraction of the fluid. 

20 

BACKGROUND OF THE INVENTION 
In a number of apphcations, it is desirable to interconnect two bundles of optical 
fibers, each of which includes a plurality of optical fibers. Moreover, it is frequently 
desirable that at least one of the bundles of fibers be permitted to rotate, such as about the 

25 longitudinal axis of the bundle, relative to the other bundle of optical fibers. As such, 
fiber optic rotary joints are employed to appropriately interconnect respective optical 
fibers of two different bundles, while permitting at least one of the bundles to rotate 
relative to the other. See, for example, U.S. Patent No. 6,301,405 to Mitchel L Keil, U.S. 
Patent No. 5,442,721 to Gregory H. Ames and U.S. Patent No. 5,271,076 to Gregory H. 

30 Ames, the contents of each of which are incorporated herein in their enturety. 
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A fiber optic rotary joint includes a housing that defines an internal cavity. The 
housing is adapted to engage end portions of two bundles of optical fibers, hereinafter 
referenced as the first and second bundles. As such, the first and second bundles of 
optical fibers are typically disposed on opposite sides of the internal cavity. By 
5 appropriately aligning the first and second bundles of optical fibers, respective pairs of 
the optical fibers of the first and second bundles can communicate across the internal 
cavity. In order to assist with this alignment and to facilitate communications between 
the first and second bundles of optical fibers, the fiber optic rotary joint includes a 
reversion prism. A reversion prism is a trapezoidal prism defining a longitudinal axis 

10 therethrough and having opposed end faces that are disposed at equal, but opposite angles 
relative to the longitudinal axis. As such, optical signals emitted by an optical fiber of the 
first bundle are refiracted by one angled end surface of the reversion prism, totally 
reflected fi*om the longer base surface of the reversion prism, and then refi'acted again 
upon exiting fi*om the other angled end surface of the reversion prism. If aligned 

1 5 properly, the optical signals exiting the reversion prism are received by a respective 
optical fiber of the second bundle. In order to facilitate this alignment and optical 
coupling of respective fibers of the first and second bundles, the reversion prism may be 
mounted upon a stage that permits the reversion prism to be controUably positioned. See, 
for example, U.S. Patent No. 6,301,405, 

20 The first and second bundles of optical fibers generally terminate with a 

respective optical coUimation array. A conventional optical coUimation array includes an 
outer sleeve or bearing that defines a lengthwise extending passage in which the end 
portions of the optical fibers are disposed. A collimating lens, such as a ball lens, may be 
associated with each optical fiber such that the signals emitted by the respective optical 

25 fiber are collimated by the ball lens before being launched through the internal cavity. At 
least one, if not both, of the optical coUimation arrays is adapted to rotate about a 
longitudinal axis defined by the outer sleeve relative to the housing. 

By appropriately aligning the optical coUimation arrays and the reversion prism, 
however, the fiber optic rotary joint may maintain ahgnment of respective optical fibers 

30 of the first and second bundles as at least one of the first and second bundles rotates. In 
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this regard, a fiber optic rotary joint is designed to rotate the housing at a rate that is 50% 
of the rate at which the bundle of optical fibers rotates. By rotating the housing at this 
rate, the reversion prism maintains optical alignment between respective optical fibers of 
the first and second bundles. 
5 Fiber optic rotary joints are commonly utihzed in sub-sea appUcations so as to 

couple first and second bundles of optical fibers in a manner that permits at least one of 
the bundles to rotate relative to the other. For example, fiber optic rotary joints may be 
utilized to optically couple the bundles of optical fibers that are utilized to communicate 
with underwater vehicles that may go to depths of 5,000 meters. In order to permit the 

10 fiber optic rotary joint to withstand the substantial compressive pressure experienced in a 
number of sub-sea applications in which the fiber optic rotary joint is at a substantial 
depth below sea level, the internal cavity defined by the housing of the fiber optic rotary 
joint is filled with an inert fluid, such as a halogenated hydrocarbon oil. Unfortunately, 
the optical properties of the fluid that fills the internal cavity of a fiber optic rotary joint 

15 vary significantly with changes in temperature and/or pressure due to corresponding 

changes in the density of the fluid. In particular, the index of refiraction of the fluid varies 
as the temperature and/or pressure changes. As will be recognized, variations in the 
index of refiraction of the fluid filling the internal cavity can significantly alter the angle 
at which the optical signals refiract upon entering and exiting the reversion prism. 

20 Additionally, variations in the index of refi^action of the fluid that fills the internal cavity 
of a fiber optic rotary joint alters the effective focal distance of the coUimation lens. As 
such, the optical aUgnment between the first and second bundles of optical fibers is 
therefore diminished as the index of refiraction of the fluid filling the internal cavity 
varies with changes in temperature and/or pressure, such as those experienced in a sub- 

25 sea environment. Accordingly, optical signals will not be coupled as efficiently, if at all, 
between the first and second bundles of optical fibers, thereby adversely affecting the 
optical performance of the fiber optic rotary joint. 

As such, it would be desirable to provide an improved fiber optic rotary joint that 
fiirther facihtates the alignment of first and second bundles of optical fibers, at least one 

30 of which is adapted to rotate relative to the other. In particular, it would be desirable to 
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provide an improved fiber optic rotary joint that is capable of operating in a sub-sea 
environment in which the internal cavity has been filled with a fluid whose optical 
properties, including its index of refraction, may vary with changes in temperature and/or 
pressure. In particular, it would be desirable to provide a fiber optic rotary joint that 
5 maintains the alignment of the first and second bundles of optical fibers even as the 
optical properties of the fluid that fills the internal cavity vary. 

In addition to the difficulties imparted by changes in the optical properties of the 
fluid, the optical fibers and the various optical components must also be properly aligned 
initially in order to avoid other sources of optical misalignment. In this regard, even a 

10 shght misahgnment of the optical fibers will increase the insertion loss and, in some 
instances, render the fiber optic rotary joint unacceptable for at least some applications. 

In order to properly align the first and second bundles of optical fibers, it is 
desirable that the optical fibers extend lengthwise through the respective outer sleeve 
with the longitudinal axes of the optical fibers being parallel to the longitudinal axis 

15 defined by the outer sleeve. As such, the outer sleeve is desirably sized such that the 
optical fibers are snugly received and held therewithin. This snug receipt of the optical 
fibers requires that the outer sleeve define an inner diameter very precisely with Uttle 
tolerance. Such outer sleeves or bearings are therefore rarely, if ever, an off-the-shelf 
part and must be specifically manufactured to exacting tolerances, thereby increasing the 

20 overall cost of the fiber optic rotary joint Even in instances in which the optical fibers 
are snugly received within the outer sleeve, the optical fibers may not necessarily be 
parallel to the longitudinal axis of the outer sleeve. In a common embodiment in which 
the bundle of optical fibers includes seven optical fibers arranged so as to have a central 
optical fiber and six optical fibers spaced thereabout, the six peripheral optical fibers may 

25 be twisted in a common direction, such as in a relatively helical pattern, about the central 
optical fiber. As such, the optical signals emitted by the bundle of optical fibers that are 
somewhat twisted may not be properly aUgned with respective optical fibers of the other 
bundle of optical fibers, thereby reducing the efficiency with which optical signals are 
transmitted therebetween. Accordingly, each optical fiber and its respective collimation 

30 lens must generally be individually positioned so as to appropriately align the optic fiber 
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and the associated collimating lens with the longitudinal axis defined by the sleeve. As 
will be recognized, this individual alignment can be quite time consuming. Once the 
optical fibers have been aligned, the optical fibers may be held in position by an epoxy. 
Unfortunately, the epoxy may cause the optical fibers to become slightly misaligned as 
5 the epoxy cures, thereby again disadvantageously increasing the insertion loss. 

BRIEF SUMMARY OF THE INVENTION 
An improved fiber optic rotary joint and its attendant components are therefore 
provided that can maintain the alignment of first and second bundles of optical fibers as 

10 the optical properties of a fluid that fills the internal cavity of the fiber optic rotary joint 
vary. As such, the fiber optic rotary joint can be utiUzed in sub-sea applications in which 
the temperature and/or pressure to which the fiber optic rotary joint is exposed fluctuates 
which causes the density and, in turn, the optical properties of the fluid that fills the 
internal cavity of the fiber optic rotary joint to vary. According to another aspect of the 

15 present invention, a method of ahgning an optical coUimation array is provided that 

facilitates the orientation of the optical fibers to be parallel to the longitudinal axis of the 
outer sleeve in which the optical fibers are disposed. In this aspect of the invention, the 
method permits the orientation of the optical fibers to be readily adjusted and then affixed 
in position such that the optical fibers maintain the desired orientation during subsequent 

20 usage. 

According to one aspect of the present invention, a fiber optic rotary jomt is 
provided that includes a housing defining an internal cavity adapted to be at least partially 
filled with a fluid. The fiber optic rotary joint also includes first and second optical 
collimation arrays disposed on opposite sides of the internal cavity for transmitting 

25 optical signals therethrough, and a reversion prism disposed within the intemal cavity 
between the first and second optical collimation arrays. Further, the fiber optic rotary 
joint includes an interface optical element proximate at least one of the first and second 
optical collimation arrays and the reversion prism. In one embodiment, for example, the 
fiber optic rotary joint includes a plurality of interface optical elements that are proximate 

30 each of the first and second optical collimation arrays and the reversion prism. 
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Each interface optical element includes an optically flat surface adapted to contact 
the fluid that fills the internal cavity. The interface optical element is also adapted to 
permit optical signals that are oriented normal to the optically flat surface to be 
transmitted between the fluid and the interface optical element. Since the optical signals 
5 enter and exit the interface optical element in a direction that is normal to the optically 
flat surface of the interface optical element, the optical signals are not refracted and, as 
such, variations in the optical properties, including the index of refraction, of the fluid 
that fills the internal cavity of the fiber optic rotary joint do not affect the propagation of 
the optical signals. As such, the alignment of the first and second bundles of optical 

10 fibers is thereby maintained by the fiber optic rotary joint of the present invention as the 
optical properties of the fluid vary, such as in response to changes in the temperature 
and/or pressure to which the fiber optic rotary joint is exposed. 

In one aspect of the present invention, a reversion prism assembly is provided that 
may be disposed within the internal cavity of the fiber optic rotary joint housing. The 

1 5 reversion prism assembly consists of the combination of the reversion prism and an 
interface optical element disposed proximate the reversion prism. In this regard, the 
reversion prism extends longitudinally between opposed end surfaces and defines a 
longitudinal axis extending through the opposed end surfaces. Additionally, the opposed 
end surfaces are disposed at a nonorthogonal angle relative to the longitudinal axis. As 

20 such, the reversion prism may be a trapezoidal prism. 

In this aspect of the present invention, one interface optical element is disposed 
proximate a respective end surface of the reversion prism. The interface optical element 
is positioned such that the optically flat surface is orthogonal to the longitudinal axis. 
Thus, the optical signals that enter and exit the reversion prism assembly are 

25 advantageously normal to the optically flat surface of the interface optical element, 

thereby permitting the optical properties, including the index of refraction, of the fluid to 
vary without adversely affecting the propagation of the optical signals therethrough. 
Typically, the reversion prism assembly also includes a second interface optical element 
disposed proximate the opposite end surface of the reversion prism such that the optical 

30 signals entering and exiting the reversion prism assembly from either end are immune to 
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variations in the optical properties of the fluid. While the reversion prism and the 
interface optical element(s) may be formed of various materials, the reversion prism 
generally has an index of refraction that is greater than the index of refraction of the 
interface optical element. 
5 The interface optical element generally includes a mating surface that faces the 

respective end surface of the reversion prism. This mating surface is also advantageously 
disposed at the same nonorthogonal angle relative to the longitudinal axis as the 
respective end surface of the reversion prism. As such, the interface optical element may 
be a triangular prism which is designed such that the mating surface of the triangular 
10 prism is adhered to the respective end surface of the trapezoidal prism, while maintaining 
the optically flat surface of the triangular prism in an orthogonal direction relative to the 
longitudinal axis. 

According to another aspect of the present invention, the interface optical element 
may be disposed proximate an optical coUimation array to form a plurality of optical 

1 5 coUimation assemblies. According to this embodiment, each optical coUimation 
assembly may include an optical fiber and a collimating lens disposed in optical 
communication with the optical fiber. The collimating lens collimates the light 
transmitted and/or received by the optical fiber relative to a coUimation optical axis 
defined by the collimating lens. Each optical coUimation assembly of this embodiment 

20 also includes an interface optical element, such as a plane-parallel plate, disposed 

proximate the collimating lens. The interface optical element is oriented such that the 
optically flat surface is orthogonal to the coUimation optical axis. 

The optical coUimation assembly may also include a sleeve in which the 
coUimating lens and the interface optical element are disposed. The sleeve generally 

25 opens into a housing that is at least partially filled with the fluid such that the interface 
optical element is exposed to the fluid. Since the optically flat surface of the interface 
optical element is orthogonal to the coUimation optical axis, however, the optical signals 
enter and exit the interface optical element at an orientation that is normal to the optically 
flat surface such that variations in the optical properties, including the index of refraction, 

30 of the fluid do not adversely affect the propagation of the optical signals therethrough. 
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The optical collimation assembly may further include one or more index matching 
elements disposed within the sleeve, such as between an end portion of the optical fiber 
and the coUimating lens and/or between the coUimating lens and the interface optical 
element. The index matching elements prevent the fluid fi-om residing in the optical path 
5 within the optical collimation assembly, such that variations in optical properties, 
including index of refraction, of the fluid do not adversely affect the effective focal 
length for the coUimating lens. Additionally, the index matching elements are included 
so as to reduce undesirable back reflections within the optical collimation assembly. 
According to another aspect of the present invention, an improved method of 

10 aligning an optical collimation array is provided. The optical collimation array includes a 
plurality of collimation assemblies with each collimation assembly including a sleeve, a 
coUimating lens disposed within the sleeve and an optical fiber having an end portion 
disposed within the sleeve. According to this aspect of the present invention, at least one 
elongate alignment pin is inserted into the optical coUimation array. The elongate 

15 ahgnment pin is inserted such that it extends lengthwise along a respective collimation 
assembly. In those embodiments in which the optical collimation array also includes an 
outer sleeve surrounding the plurality of collimation assembhes, the ahgnment pin is 
advantageously inserted both proximate the outer sleeve and alongside a respective 
collimation assembly. 

20 Typically, a plurality of elongate alignment pins are inserted into the optical 

collimation array such that at least one elongate alignment pin extends lengthwise along 
each respective coUimation assembly. The at least one alignment pin is then adjusted to 
alter an angle between the respective ahgnment pin and the physical axis of the optical 
collimation array, such as defined by the outer sleeve. In this regard, the alignment pin is 

25 generaUy adjusted to be parallel with the physical axis of the optical collimation array. In 
the embodiment that includes a plurahty of alignment pins, a pair of ahgnment pins that 
are spaced apart from one another, such as on opposite sides of the optical coUimation 
array, may be twisted until the ahgnment pins are parallel with the physical axis of the 
optical collimation array. 
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Once properly adjusted, the plurality of coUimation assemblies are affixed in 
position. In this regard, the alignment pin may be removed following its adjustment and 
at least one affixation pin may be inserted into the optical coUimation array in place of 
the alignment pin. Each affixation pin is larger than the respective alignment pin and is 
5 sized to affix the plurality of coUimation assemblies in position. 

According to this aspect of the present invention, an optical coUimation array 
including a plurality of optical fibers may be efficiently aUgned such that each 
coUimation assembly including each optical fiber is positioned to be parallel to the 
physical axis of the optical coUimation array. As such, optical signals transmitted and 

10 received by the optical coUimation array can be more reUably and maintainably aligned 
with another optical coUimation array, such as within a fiber optic rotary joint or the like. 

Accordingly, an improved fiber optic rotary joint is provided according to one 
embodiment of the present invention that maintains the alignment of first and second 
bundles of optical fibers as the optical properties, including the index of refi^'action, of the 

1 5 fluid that fills the fiber optic rotary joint varies in response to temperature and/or pressure 
changes. In this regard, a reversion prism assembly and/or an optical coUimation 
assembly may be provided in which interface optical element(s) are disposed proximate 
the reversion prism and the coUimating lens, respectively, in order to provide an optically 
flat surface through which signals enter and exit with an orthogonal orientation so as not 

20 to be refi'acted by the fluid disposed within the internal cavity of a fiber optic rotary joint. 
According to another aspect of the present invention, an improved method of aligning an 
optical coUimation array such that the plurality of coUimation assemblies including the 
plurality of optical fibers are conmionly oriented to be parallel to the physical axis of the 
optical coUimation array, thereby also improving the alignment of the bundles of optical 

25 fibers optically interconnected by a fiber optic rotary joint. 
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BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING(S) 
Having thus described the invention in general terms, reference will now be made 
to the accompanying drawings, which are not necessarily drawn to scale, and wherein: 
Figure 1 is a fiber optic rotary joint according to one aspect of the present 
5 invention; 

Figure 2 is a perspective view of a reversion prism assembly according to another 
aspect of the present invention; 

Figure 3 is a side view of an optical coUimation assembly according to another 
aspect of the present invention; 
10 Figures 4a and 4b are cross-sectional views of a seven fiber optical coUimation 

array and a twelve fiber optical coUimation array, respectively, including a plurality of 
aUgnment pins; and 

Figure 5 is a flow chart illustrating a method of aligning an optical coUimation 
array, such as those depicted in Figures 4a and 4b, according to another aspect of the 
1 5 present invention. 

DETAILED DESCRIPTION OF THE INVENTION 
The present inventions now will be described more fiiUy hereinafter with 
reference to the accompanying drawings, in which some, but not all embodiments of the 
20 invention are shown. Indeed, these inventions may be embodied in many different forms 
and should not be construed as limited to the embodiments set forth herein; rather, these 
embodiments are provided so that this disclosure wiU satisfy applicable legal 
requirements. Like numbers refer to like elements throughout. 

As shown in Figure 1, a fiber optic rotary joint 10 according to one aspect of the 
25 present invention is depicted. The fiber optic rotary joint may be employed in a variety 
of applications, including sub-sea as well as other applications. As described below, the 
fiber optic rotary joint is designed to opticaUy intercoimect first and second bundles 12,14 
of optical fibers while permitting at least one of the bundles to rotate relative to the other 
bundle. While one bundle is generally held stationary and the other bundle is generally 
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permitted to rotate about its longitudinal axis, both bundles of optical fibers may rotate 
about their respective longitudinal axes, if desired. 

The fiber optic rotary joint 10 includes a housing 16. The housing is generally 
cylindrical, although the housing may have other shapes if desired. As shown, the 
5 housing defines the internal cavity 18. In sub-sea applications in which the fiber optic 
rotary joint will be exposed to substantial compressive pressures, the internal cavity may 
be filled with an inert fluid, such as a halogenated hydrocarbon oil. The fluid filling the 
internal cavity therefore protects the housing and the components disposed within the 
housing fi-om damage due to the substantial compressive pressures. In other applications, 

10 such as land-based applications, the internal cavity of the housing need not be filled with 
fluid, but may, instead, be filled with air or the like. 

The fiber optic rotary joint 10 also includes first and second optical coUimation 
arrays 20. The first and second optical coUimation arrays are disposed in respective 
passages defined by the housing 16 that open into the internal cavity 18. As shown, the 

1 5 first and second optical coUimation arrays are generally positioned on opposite sides of 
the internal cavity for transmitting optical signals therethrough. While the optical 
coUimation arrays may each have only a single element in which case the fiber optic 
rotary joint would be a single channel fiber optic rotary joint, the optical coUimation 
arrays typically include a plurality of elements such that the fiber optic rotary joint is a 

20 multi-channel fiber optic rotary joint. As such, a fiber optic rotary joint wiU be 

subsequently described in conjunction with first and second optical coUimation arrays 
that has multiple elements for purposes of example, but not of limitation. 

One or both of the optical coUimation arrays 20 may be rotatably mounted to the 
housing 16 such that one optical coUimation array may rotate about its respective 

25 longitudinal axis relative to the other optical coUimation array. In the embodiment 

illustrated in Figure 1, for example, both optical coUimation arrays are rotatably mounted 
within the housing. However, even in this embodiment, one of the optical coUimation 
arrays may be affixed, such as by engaging the portion of the optical coUimation array 
that extends extemal to the housing so as to prevent the respective optical coUimation 

30 array firom rotating, if desired. 
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The fiber optic rotary joint 10 also includes a reversion prism 22 disposed within 
the internal cavity 18 between the first and the second optical coUimation arrays 20. The 
optical signals transmitted between the optical collimation arrays therefore pass through 
the reversion prism which maintains the alignment between respective optical fibers of 
5 the first and second optical collimation arrays as at least one of the optical collimation 
arrays rotates about its longitudinal axis relative to the other. As known to those skilled 
in the art, the housing 16 and, in particular, the reversion prism, may also be rotated at a 
rate that is 50% of the rate at which the optical collimation assembly rotates. By rotating 
the housing and, in particular, the reversion prism in this manner, the fiber optic rotary 
10 joint maintains optical communication between the same respective pairs of optical fibers 
of the first and second optical collimation arrays even as the optical collimation array 
rotates. 

As shown in Figure 1, the housing 16 may include a removable cover 24 that may 
be secured to the remainder of the housing by bolts 26 or other connectors. By removing 

15 the cover, access to the internal cavity 18 and the reversion prism 22 is provided. To 
facilitate precise positioning of the reversion prism, the reversion prism may be mounted 
upon a stage 28, such as that described in detail by U.S. Patent No. 6,301,405. The stage 
facilitates the positioning of the reversion prism in at least three directions. In this 
regard, the base portion 30 of the stage may define a groove for receiving a 

20 corresponding pin 32 that extends upwardly beyond the surface of the base portion such 
that the reversion prism at least partially rests upon the pin. Additionally, a set screw 34 
can extend through the base portion. As such, by advancing or retracting the set screw, 
the position of the reversion prism may be adjusted, such as to pivot on the pin 32 as 
depicted in the embodiment of Figure 1. In order to permit access to the set screw, the 

25 housing can define an opening aligned with the set screw. Once the reversion prism has 
been properly positioned, however, a plug 36 may be disposed within the opening such 
that fluid may be retained within the internal cavity. Additionally, at least one of the 
sidewalls (not shown) of the stage may also define a groove and receive a corresponding 
pin that protrudes outwardly beyond the respective side wall for contacting a side surface 

30 of the reversion prism. Another set screw can extend through the respective side wall 
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such that the position of the reversion prism can be adjusted in another direction, such as 
to pivot on the pin into and out of the page in the embodiment depicted in Figure 1 , by 
advancing or retracting the set screw. Again, the housing may define an opening ahgned 
with the set screw to provide access to the set screw and, once the reversion prism is 
5 properly positioned, a plug may be disposed within the respective opening. Additionally, 
a guidepost integrally attached to the base portion of the stage 28 is supported on the end 
of a set screw (not shown). As such, by advancing or retracting the set screw, the 
position of the stage, and as a resuh the reversion prism, may be adjusted, such as in a 
vertical direction as depicted in the embodiment of Figure 1. 

10 One or more springs 38, such as one or more helical springs, may also be 

disposed between the cover 24 and the reversion prism 22. Likewise, one or more 
springs (not shown), such as a leaf spring, may be disposed between a respective side 
wall 28 of the stage and the reversion prism. These springs serve to bias the reversion 
prism into contact with the stage and the various alignment elements carried by the stage 

15 and reduce, if not eliminate, subsequent movement of the reversion prism once the 
reversion prism has been appropriately ahgned. As shown in Figure 1, the first and 
second optical coUimation arrays 20 and the reversion prism would all be exposed to and 
in contact with any fluid that fills the internal cavity 18 defined by the housing 16. In the 
absence of the present invention, therefore, variations in the temperature and/or pressure 

20 to which the fiber optic rotary joint 10 is exposed would cause the density and, in turn, 
the optical properties, such as the index of refraction, of the fluid to vary which would 
disadvantageously alter the manner in which the optical signals are refracted upon entry 
into and exit from the first and second coUimation arrays and the reversion prism, thereby 
reducing the alignment between respective optical fibers of the first and second optical 

r 

25 coUimation arrays. 

According to the present invention, the fiber optic rotary joint 10 also includes 
one or more interface optical elements. As described in detail below, the interface optical 
elements may be disposed proximate to one or both of the first and second optical 
coUimation arrays 20 and/or proximate the reversion prism 22. The interface optical 

30 element includes an optically flat surface that is adapted to contact the fluid. As known 
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to those skilled in the art, an optically flat surface introduces optical distortions that are 
small relative to the wavelength of the optical signals. Thus, optical signals may be 
transmitted between the interface optical element and the fluid that fills the internal 
cavity 18 of the housing 16 in an orientation that is normal to the optically flat surface 
5 without causing the optical signals to refiract. As such, variations in the optical properties 
of the fluid, such as variations in the index of refi'action of the fluid, will not alter the 
manner in which the optical signals propagate and, as such, will not disadvantageously 
alter the alignment of the respective optical fibers of the first and second optical 
collimation arrays. 

10 In one aspect of the invention, a reversion prism assembly is provided that not 

only includes the reversion prism 22, but also at least one interface optical element 40 
disposed proximate thereto. As shown in Figure 1 and in somewhat more detail in Figure 
2, the reversion prism assembly includes a reversion prism extending longitudinally 
between opposed end surfaces 42 and defining a longitudinal axis 44 that extends through 

15 the opposed end surfaces. The opposed end surfaces are disposed at a non-orthogonal 
angle relative to the longitudinal axis. In this regard, the opposed end surfaces generally 
define an equal, but opposite angle, such as 45°, relative to the longitudinal axis. As 
such, the reversion prism is typically a trapezoidal prism. While the reversion prism may 
be formed of various materials, the reversion prism of one embodiment is formed of a 

20 glass having a relatively high index of refi-action, such as LASFN9 glass having an index 
of refiractionof about 1.85. 

The reversion prism assembly of this aspect of the present invention also includes 
at least one interface optical element 40 disposed proximate a respective end surface 42 
of the reversion prism 22. In this regard, the interface optical element generally includes 

25 a mating surface 46 that is attached to the respective end surface of the reversion prism, 
such as by means of an optically transparent epoxy. In this regard, the mating surface is 
generally disposed at the same non-orthogonal angle to the longitudinal axis 44 as the 
respective end surface of the reversion prism. In addition to the mating surface, the 
interface optical element includes the optically flat surface 48 through which optical 

30 signals enter and exit the reversion prism assembly. According to this aspect of the 
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present invention, the optically flat surface is disposed orthogonally to the longitudinal 
axis defined by the reversion prism. Thus, the interface optical element may be a 
triangular prism that is adhered to the respective end surface of the trapezoidal reversion 
prism. The interface optical element of this embodiment may be formed of various 
5 materials, but generally is formed of a glass having an index of refraction that is 
somewhat lower than that of the reversion prism. For example, the interface optical 
element may be formed of BK7 glass having an index of refraction of about 1.5. By 
increasing the difference between the indices of refraction of the reversion prism and the 
interface optical element, the size, i.e., the length as measured along the longitudinal axis, 

10 of the reversion prism assembly is reduced, which advantageously facilitates the 
incorporation of the reversion prism assembly in a smaller housing. 

By providing an optically flat surface 48 through which optical signals propagate 
in an orthogonal, i.e., normal, orientation, changes in the index of refraction of the fluid, 
such as those created by variations in the temperature and/or pressure to which the fiber 

15 optic rotary joint is exposed, do not affect the propagation of the optical signals since the 
optical signals are not refracted at the interface of the optically flat surface of the 
interface optical element 40 and the fluid. Thus, the optical alignment of respective 
optical fibers of the first and second optical coUimation arrays 20 is maintained. In order 
to facilitate the propagation of optical signals through the optically flat surface of the 

20 interface optical element, the optically flat surface may be coated with an anti-reflection 
coating, if desired. 

As shown in Figures 1 and 2, the reversion prism assembly may include a second 
interface optical element 40 disposed proximate to the other end surface 42 of the 
reversion prism 22. In this regard, the second interface element may also have a mating 

25 surface 46 that is adhered to the other end surface of the reversion prism. As before, the 
mating surface of the second interface optical element is also advantageously disposed at 
the same non-orthogonal angle relative to the longitudinal axis 44 as the respective end 
surface of the reversion prism. As such, the optically flat surface 46 of the second 
interface optical element is disposed orthogonal to the longitudinal axis of the reversion 

30 prism in order to facilitate the propagation of optical signals therethrough in a direction 
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normal to the optically flat surface. The optically flat surface of the second interface 
optical element may also be coated with an anti-reflection coating, if desired. 

As such, optical signals may propagate through a reversion prism assembly of one 
embodiment of the present invention as depicted in Figure 2. As shown, optical signals 
5 enter through the optically flat surface 46 of one of the interface optical elements 40. 
Since the optical signals enter in a direction that is normal to the optically flat surface, the 
optical signals are advantageously not refracted at the interface between the surrounding 
fluid and the interface optical element. The optical signals are refracted, however, by the 
interface between the interface optical element and the reversion prism 22 due to the 

10 difference in the respective indices of refraction. The optical signals reflect from the base 
portion 52 of the reversion prism. Li order to facilitate the reflection from the base 
portion of the reversion prism, the base portion may have a reflection coating. After the 
reflection from the base portion, the optical signals are again refracted by the interface 
between the other end surface of the reversion prism and the other interface optical 

1 5 element so as to again be directed normal to the optically flat surface of the other 

interface optical element. Thus, changes in the index of refraction of the fluid that fills 
the internal cavity of the fiber optic rotary joint do not alter the propagation of the optical 
signals such that the optical signals can continue to be coupled between respective optical 
fibers of the first and second optical collimation arrays. 

20 According to another aspect of the present invention, an optical collimation 

assembly 54 is provided in instances in which the interface optical element 56 is disposed 
proximate one or both of the optical collimation arrays 20, either instead of or, most 
typically, in addition to being disposed proximate the reversion prism 22. As shown in 
Figure 1 and in somewhat more detail in Figure 3, the optical collimation assembly 

25 includes an optical fiber 56 and a coUimating lens 58 disposed in optical communication 
with the optical fiber. Thus, the optical signals emitted or received by the optical fiber 
are collimated by the coUimating lens along a predefined collimation optical axis 60. An 
end portion of the optical fiber is commonly disposed within a ferrule 62, such as a 
ceramic ferrule of the type utilized by conventional fiber optic connectors, hi addition, 

30 while various types of coUimating lenses may be utilized, a ball lens serves to coUimate 
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the optical signals in one embodiment. In addition, while the coUimating lens may be 
formed of various materials, the coUimating lens is formed of LASFN9 glass having an 
index of refraction of about 1,85 in one embodiment. The optical collimation assembly 
may also include a sleeve 64 in which the coUimating lens as well as the end portion of 
5 the optical fiber are disposed. In this regard, the sleeve may be sized such that the inner 
diameter of the sleeve is approximately equal to the diameter of the coUimating lens and 
the ferrule in which the end portion of the optical fiber may be disposed, such as 2.5 mm 
in one embodiment, such that the coUimating lens and the ferrule are snugly received 
therewithin. Alternatively, the sleeve may be sized to define an inner diameter that is 

10 slightly smaller than the components to be disposed therein. However, the sleeve of this 
embodiment may define a lengthwise extending slit to permit the sleeve to open fiirther to 
accept the components and to hold the components snugly therein. The sleeve may be 
formed of various materials, but is formed of a ceramic material in one embodiment. By 
snugly receiving and holding the coUimating lens and the ferrule, the sleeve 

15 advantageously maintains optical aUgnment of the optical fiber and the coUimating lens 
as is desired maintaining a relatively low insertion loss. 

According to this aspect of the present invention, the optical collimation assembly 
54 also includes the interface optical element 56. The interface optical element is 
disposed proximate the coUimating lens 58. In the embodiment in which the optical 

20 collimation assembly includes a sleeve 64, the interface optical element is also generally 
disposed within the sleeve on the opposite side of the coUimating lens fi-om the optical 
fiber 56. As shown in Figure 3, for example, the interface optical element of this 
embodiment may be a plane-parallel plate that serves as a cylindrical window that is 
disposed within one end of the sleeve. The interface optical element and the sleeve are 

25 preferably sized such that the interface optical element is snugly received within the 
sleeve and is accordingly ahgned with the optical fiber and the coUimating lens. The 
interface optical element may be adhered to the irmer surface of the sleeve. 

The interface optical element 56 includes the optically flat surface 66 as described 
above. The optically flat surface of the interface optical element of this embodiment is 

30 oriented orthogonal to the collimation optical axis 60. Thus, optical signals are 
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transmitted between the interface optical element and the internal cavity of the housing 
and, more commonly, the fluid disposed within the internal cavity 18 of the housing 16 in 
a direction that is normal to the optically flat surface of the interface optical element. As 
such, the optical signals are not refracted at the interface of the interface optical element 
5 and the fluid such that variations in the optical properties of the fluid, such as the index of 
refraction of the fluid, do not disadvantageously alter the propagation of the optical 
signals. 

The optical collimation assembly 54 of this embodiment may also include one or 
more index matching elements 68. The index matching elements are also typically 

10 disposed within the sleeve 64 proximate the collimating lens 58. As shown in the 
embodiment of Figure 3, for example, one index matching element may be disposed 
within the sleeve between an end portion of the optical fiber 56 and the collimating lens, 
while another index matching element may be disposed within the sleeve between the 
collimating lens and the interface optical element. The index matching elements prevent 

15 the fluid disposed within the internal cavity 18 from residing in the optical path within 
the optical collimation assembly, such that variations in optical properties, including 
index of refraction, of the fluid do not adversely affect the effective focal length of the 
collimating lens 58. The index matching material may also be selected with an 
appropriate index of refraction so as to reduce undesirable back reflections within the 

20 optical collimation assembly. The index matching element disposed between the end 
portion of the optical fiber and the collimating lens advantageously has an index of 
refraction that is between the respective indices of refraction of the optical fiber and the 
collimating lens, such as about 1.48 in one embodiment. Similarly, the index matching 
element disposed between the collimating lens and the interface optical element may 

25 have an index of refraction between the respective indices of refraction of the collimating 
lens and the interface optical element, such as about 1.5 in one embodiment. The index 
matching material may be formed of various materials, but is typically a cured polymer, 
such as a siUcone polymer, having stable optical properties that change little, if at all, in 
response to variations in the temperatiu*e and/or pressure. Additionally, the index 

30 matching elements disposed on opposite sides of the collimating lens may have the same 
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or different lengths with the length of the index matching elements being selected based 
upon the location or distance at which the optical signals are to be focused by the 
collimating lens as will be apparent to those skilled in the art. Although not necessary for 
the practice of the present invention, the end face of the optical fiber may be poUshed so 
5 as to have a convex shape in order to further insure that physical contact is established 
between the optical fiber and the index matching element so as to avoid deleterious back 
reflections. 

In order to transmit optical signals, the optical signals emitted by the optical fiber 
56 are collimated by the collimating lens 58 and then passed through the interface optical 

10 element 56 at an orientation that is normal to the optically flat surface 66. As such, 
variations in the index of refiraction of the fluid to which the interface optical element is 
exposed will not alter the propagation of the optical signals since the optical signals are 
not refi-acted at the optically flat surface. Conversely, optical signals received by the 
optical collimation assembly 54 arrive with an orientation nonnal to the optically flat 

15 surface of the interface optical element. These optical signals are focused by the 

collimating lens to the optical fiber. Since the fluid no longer contacts the colUmating 
lens or other components of the optical collimation assembly, optical signals can be 
rehably transmitted to and from the optical fiber even as the optical properties of the fluid 
disposed within the housing of the fiber optic rotary joint vary. 

20 The first and second optical collimation arrays 20 may each be formed of a 

plurality of optical collimation assemblies 54 as described above and as depicted in 
Figure 3. In this regard, a plurality of optical collimation assemblies may be disposed 
within an outer sleeve 70 that, in turn, is mounted to the housing 16, such as by means of 
a rotational engagement as shown in Figure 1 . As shown in Figures 4a and 4b by way of 

25 example, the plurality of optical collimation assemblies can be disposed in various 

configurations to comprise a respective optical collimation array. As shown in Figure 4a, 
for example, a plurality of optical collimation assembUes, such as seven optical 
collimation assembUes in the illustrated embodiment, may be relatively tightly packed 
within the outer sleeve. In order to construct optical collimation arrays having more 

30 optical fibers, optical collimation arrays having larger outer sleeves with different internal 
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configurations may be utilized. As shown in Figure 4b, for example, an inner sleeve 72 
may be disposed about a central optical collimation assembly with eleven optical 
coUimation assemblies disposed peripherally about the inner sleeve which are, in turn, 
surrounded by the outer sleeve. While two configurations of an optical collimation array 
5 are provided by Figures 4a and 4b, the optical collimation arrays of the fiber optic rot^ 
joint 10 of the present invention may have a number of other configurations, if so desired. 

As shown in Figure 1, one or both optical collimation arrays 20 may be rotatably 
mounted to the housing 16. In this regard, cylindrical bearings 74 may extend about 
respective portions of the outer sleeve 70 so as to facilitate rotation of the outer sleeve 

10 relative to the housing. In this regard, the housing may define a passage that opens into 
the internal cavity 18 in which the respective optical collimation array is disposed. In 
order to retain the optical collimation array within the respective passage, a washer, ring 
or the like 76 may be disposed within a circular groove defined by the housing proximate 
the end of the passage that opens into the internal cavity. Additionally, a threaded nut or 

15 the like 78 may threadably engage that portion of the housing proximate the exterior 
surface such that the optical collimation array is retained between the washer and the nut 
in the illustrated embodiment. However, the optical collimation array may be rotatably 
mounted to the housing in other manners, if so desired. 

To facilitate rotation of the optical collimation array, the outer sleeve 70 may 

20 include a medial flange 80 that extends radially outwardly therefi*om. This medial flange 
may engage a planetary gear train or the like (not shown) in order to facilitate rotation of 
the housing 16 with respect to the optical coUhnation array. As such, the housing may be 
rotated, such as at a rate that is 50% of the rate at which the optical collimation array is 
rotated. As such, optical signals can continue to be communicated between the same 

25 respective pairs of optical fibers of the first and second optical collimation arrays while at 
least one of the optical collimation arrays rotates about its longitudinal axis. Further 
details regarding the planetary gear train and the manner in which the optical collimation 
array is rotated relative to the housing are provided by U.S. Patent No. 6,301,405. 

According to one embodiment, the fiber optic rotary joint 10 therefore includes 

30 interface optical elements proximate both opposed end surfaces 42 of the reversion prism 
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22 and proximate each collimating lens 58 of the first and second optical coUimation 
arrays 20. As such, the optical signals that enter and exit the fluid that fills the internal 
cavity 18 of the housing 16 pass through the optically flat surface of a respective 
interface optical element in a direction normal to the optically flat surface such that the 
5 optical signals are not refracted. As such, variations in the optical properties of the fluid, 
such as variations in the index of refraction of the fluid, do not affect the propagation of 
the optical signals. Accordingly, the temperature and/or pressure to which the fiber optic 
rotary joint is exposed may vary without adversely affecting the alignment of the optical 
fibers of the first and second bundles 12,14 of optical fibers. 

10 In order to further insure that the optical signals are appropriately transmitted 

between the optical fibers of the first and second bundles 12,14 of optical fibers, a 
method is also provided for aligning the optical fibers relative to the outer sleeve 70. In 
this regard, an optical collimation array 20 such as those depicted in Figures 4a and 4b is 
assembled which includes a plurality of collimation assemblies 54, each having a sleeve 

15 64, a collimating lens 58 disposed within the sleeve and an optical fiber 56 having an end 
portion disposed within the sleeve, such as within a ferrule 62 that, in turn, is disposed 
within the sleeve. Prior to affixing the collimation assemblies in position, at least one 
elongate alignment pin 82 is inserted into the optical collimation array. See step 100 of 
Figure 5. As described below, a plurality of alignment pins are typically inserted into the 

20 optical collimation array in order to appropriately align the collimation assemblies and, in 
turn, the optical fibers of the respective collimation assemblies. The alignment pins are 
inserted so as to extend lengthwise along respective collimation assemblies, such as along 
the sleeves of respective collimation assemblies. As shown in Figures 4a and 4b in which 
the optical collimation array fiirther includes an outer sleeve 70 surrounding the plurality 

25 of collimation assemblies, the alignment pins are typically inserted between the outer 
sleeve and the collimation assemblies that are disposed proximate the outer sleeve. 
While various types of pins may be utilized as an alignment pin, a standard inspection 
plug gauge pin may be utilized. Preferably, the alignment pin fits relatively snugly 
between the outer sleeve and the collimation assemblies so as to make contact with the 
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colUmation assemblies, but are not so large as to wedge the coUimation assemblies in 
place. 

The alignment pins 82 are then adjusted so as to alter the angle between the 
alignment pins and the physical axis of the optical coUimation array 20. See step 102 of 
5 Figure 5. ]n this regard, the physical axis of the optical coUimation array is typically 
defined as the longitudinal axis defined by the outer sleeve 70. In particular, the 
alignment pins are preferably adjusted until the alignment pins are parallel to the physical 
axis of the optical coUimation array. By orienting the alignment pins to be parallel to the 
physical axis of the optical coUimation array, the optical fibers of the coUimation arrays 

10 are similarly oriented parallel to the physical axis of the optical coUimation array. In this 
regard, the adjustment provided by the alignment pins eliminates any twists in the optical 
fibers and provides precise aUgnment of the coUimation assembUes 54. 

While the alignment pins 82 may be adjusted in various manners, the alignment 
pins advantageously not only extend through the optical coUimation array 20, such as 

15 along a majority of the length of the sleeves 64 of the coUimation assembUes 54, but also 
extend outwardly from the optical coUimation array so as to be grasped by a technician or 
the Uke. While the alignment pins may be adjusted in various maimers, it has been found 
to be useful to simultaneously adjust a pair of ahgnment pins that are spaced from one 
another, such as by being disposed upon opposite sides of the optical coUimation array in 

20 order to appropriately align the coUimation assembUes 54 and, in turn, the optical 
fibers 56, 

Once the aUgnment pins 82 have been appropriately adjusted, such as by 
positioning the alignment pins to be parallel to the physical axis of the optical coUimation 
array 20, the plurality of coUimation assembUes 54 are affixed in position. In this regard, 

25 the alignment pins are generally withdrawn from the optical coUimation array without 
altering the position of the coUimation assembUes. See step 104 of Figure 5. While the 
coUimation assembUes may be thereafter affixed in position in various manners, the 
method of one advantageous embodiment subsequently inserts at least one and, more 
commonly, a plurality of affixation pins into the optical coUimation array in place of the 

30 alignment pins. See step 106. In this regard, an affixation pin is generally inserted in 
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each location from which an alignment pin was previously withdrawn. The affixation 
pins generally have a slightly larger cross-sectional diameter than the alignment pins and 
are sized to provide an interference fit within the optical collimation array, thereby 
wedging the collimation assembUes into a fixed position relative to each other and to the 
5 outer sleeve 70. The affixation pins are also generally somewhat shorter in length than 
the alignment pins such that the affixation pins extend through the optical collimation 
array, but do not protrude outwardly therebeyond. 

As such, the method of this aspect of the present invention provides an efficient 
and reliable manner in which to align a plurality of optical fibers 56 of an optical 

10 collimation array 20. While this method need not be utilized in conjunction with optical 
collimation arrays that are employed by a fiber optic rotary joint 10, the precise 
alignment provided by the method of this aspect of the present invention would be usefiil 
for optical collimation arrays used with fiber optic rotary joints in order to insure that the 
respective optical fibers of the first and second bundles 12,14 of optical fibers are 

1 5 appropriately ahgned. In this regard, this method allows a plurality of optical fibers of an 
optical collimation array to be aligned without requiring that the collimation assemblies 
54 be epoxied within the outer sleeve 70 which could otherwise cause the optical fibers to 
become somewhat misahgned as the epoxy cures, thereby disadvantageously increasing 
the insertion loss. 

20 Many modifications and other embodiments of the inventions set forth herein will 

come to mind to one skilled in the art to which these inventions pertain having the benefit 
of the teachings presented in the foregoing descriptions and the associated drawings. 
Therefore, it is to be understood that the inventions are not to be limited to the specific 
embodiments disclosed and that modifications and other embodiments are intended to be 

25 included within the scope of the appended claims. Although specific terms are employed 
herein, they are used in a generic and descriptive sense only and not for purposes of 
limitation. 
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